The geometry of the vocal folds, including the internal spatial distribution of the various tissue types, plays a central role in governing vocal fold flow-induced vibration. Quantifying the tissue geometries is therefore important for voice production research. In this presentation, quantitative measures of porcine vocal fold geometry obtained using three different techniques are reported and compared. MicroCT scans of a fresh and then frozen porcine laryngx were obtained. The larynges were then thawed and the vocal folds were dissected. One vocal fold was frozen in optimal cutting temperature medium, serial-sectioned in the coronal plane, and imaged, and the other vocal fold was fixed in 10% formalin and embedded in paraffin before being sectioned and imaged. Geometrical data was obtained and compared between the different sets of histological images and the microCT images. This study provides quantitative measures of porcine vocal fold geometry and characterizes the influence of formalin fixation and histological processing on tissue deformation tissue across the three-dimensional vocal fold, leading the way for similar studies using human vocal folds.
INTRODUCTION
Quantifying the internal spatial distribution of the various tissue layers within the vocal folds is important for voice production research. However, various researchers have shown that freezing 3 , resection 4 , fixing in formalin 5 , and staining all have an effect to at least some degree on tissue geometry, making it difficult to obtain reliable geometrical data. Tayama et al. 3 measured canine vocal fold geometry in the mid-membranous coronal plane at various stages of thawing after quick freezing. They showed that the frozen tissue expands slightly, around 5%, but with thawing then returns to within 1-2% of pre-frozen dimensions. Though historically canine vocal folds have been the primary animal model for the study of phonation, research has shown that for some situations, porcine vocal folds serve suitable model. 1, 2 In addition, their availability is relatively more convenient than canine vocal folds. This study is part of a greater effort to obtain reliable data regarding vocal fold tissue geometry, and builds on the work of Tayama et al. 3 by comparing pre-and post-frozen larynx volume from porcine larynges data obtained from microCT scans.
METHODS
MicroCT scans from five fresh porcine larynges were obtained with the folds in the adducted position. Voxel size was 0.1029 mm 3 , with the interrogation region containing 992 voxels in each dimension. The larynges were then frozen with isopentane cooled over liquid nitrogen in order to prevent cracking and then rescanned. The microCT data were imported into AnalyzeDirect 8.1, a commercial biomedical imaging and analysis software, and resampled with half of the original resolution in each dimension, for a voxel size of 0.2058 mm 3 and 446 voxels in each direction. A voxel connecting algorithm was used to create a volumetric representation of each larynx from both sets of images (fresh and frozen). 
RESULTS AND DISCUSSION
The total volume of the larynges as found using Analyze is found on Table 1 , and Figure 2 shows a rendering of the volume of Larynx 3 created in Analyze. Such results are on the same order as those obtained by Tayama 3 , though that study was looking at the expansion in only one dimension. The laryngeal airway for several of the larynges was also segmented using ITK-SNAP 6 and volumes before and after freezing from each larynx were compared. It is clear from the above data that the frozen tissue expanded relative to the tissue at room temperature, and it was observed in all cases that the length of the glottal gap was significantly smaller, by a factor of 2. Similarly, the volume of the airway was consistently larger in the frozen larynges than the room temperature larynges. Though certainly the expansion of the larynx is anisotropic and the rate of expansion varies between the various tissue types in the larynx, these data suggests an overall expansion of the entire laryngeal frame due to freezing.
CONCLUSION
Understanding the effect of freezing on laryngeal tissue geometry is important for researchers seeking to obtain accurate measurements from frozen histological sections. In the present study expansion in three dimensions was observed for the porcine larynx from microCT scans. Overall volumetric expansion was on the order of 3%. Recognizing that tissue deformation occurs in three dimensions is important for obtaining accurate geometrical data from traditional methods such as histological sectioning, and data from this study can be used as a baseline for quantifying such deformation. Future work includes quantifying specific laryngeal dimensions to determine how the rate of expansion varies for each tissue type, as well as using the data obtained in this study as a baseline comparison with histological samples of vocal fold tissue to understand the effects of fixing and staining on tissue geometry in three dimensions.
